Summary
Massive bleeding in trauma patients is a serious challenge for all clinicians, and an interdisciplinary diagnostic and therapeutic approach is warranted within a limited time frame. Massive transfusion usually is defined as the transfusion of more than 10 units of packed red blood cells (RBCs) within 24 h or a corresponding blood loss of more than 1-to 1.5-fold of the body's entire blood volume. Especially male trauma patients experience this life-threatening condition within their productive years of life. An important parameter for clinical outcome is to succeed in stopping the bleeding preferentially within the first 12 h of hospital admission. Additional coagulopathy in the initial phase is induced by trauma itself and aggravated by consumption and dilution of clotting factors. Although different aspects have to be taken into consideration when viewing at bleedings induced by trauma compared to those caused by major surgery, the basic strategy is similar. Here, we will focus on trauma-induced massive hemorrhage. Currently there are no definite, worldwide accepted algorithms for blood transfusion and strategies for optimal coagulation management. There is increasing evidence that a higher ratio of plasma and RBCs (e.g. 1:1) endorsed by platelet transfusion might result in a superior survival of patients at risk for trauma-induced coagulopathy. Several strategies have been evolved in the military environment, although not all strategies should be transferred unproven to civilian practice, e.g. the transfusion of whole blood. Several agents have been proposed to support the restoration of coagulation. Some have been used for years without any doubt on their benefit-to-risk profile, whereas great enthusiasm of other products has been discouraged by inefficacy in terms of blood transfusion requirements and mortality or significant severe side effects. This review surveys current literature on fluid resuscitation, blood transfusion, and hemostatic agents currently used during massive hemorrhage in order to optimize patients' blood and coagulation management in emergency medical aid. 
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Introduction
Uncontrolled and massive hemorrhage is still one of the major challenges in the surgical and anesthesiological field. Trauma is the leading cause of death for individuals between the age of 18 and 45, within the most productive years of life. These patients represent the most important population at risk for the development of coagulopathy due to structural disruption and uncontrolled hemorrhage. It is therefore necessary to put more efforts on an effective therapy and timing of the intervention because 15-20% of the resulting deaths which occur within the first 12 h of hospital admission might be preventable. This review summarizes the basic knowledge about trauma-induced hemorrhage and coagulopathy and the still ongoing, controversial debate of the best-fit treatment options. Beginning with the first line-therapy of fluid resuscitation -already profoundly influencing homeostasis -, we will discuss pro-coagulant preparations finally ending with packed red blood cells (pRBCs) and platelets.
Principally, the effective treatment for massive transfusion, which is defined as transfusion of more than 10 units of pRBCs within 24 h of injury [1] ( fig. 1 ), is replacement therapy. Other authors [2] have developed a classification scheme for hemorrhage, stratifying blood loss from stage 1 (less than 15% of total circulating blood volume) to stage 4 (more than 40% of total circulating blood volume). Young adults in good condition may compensate a loss of 50% of the circulating blood volume but may then develop sudden cardiovascular collapse when the physiological scope of tolerance is passed over and further compensatory mechanisms fail. In contrast, Fig. 1 . Definitions and key issues in trauma. Bleeding and Massive Transfusion  75 surgical, emergency, and intensive care patients and are believed to be more effective than crystalloids as they meet the hemodynamic endpoints [8] . There have been some concerns about the influence of colloids on coagulation, renal failure, and pruritus. As HES is used in different preparations, currently there is no generally accepted conclusion available about the risk-benefit assessment [8] . The HES are differentiated by three numeric characters, the first representing the concentration in percent, the second the average molecular weight, and the third the molar substitution. The modern preparations with a lower molecular substitution such as 6% HES 130/0.4 seem to have a lesser effect on coagulation [9] . The main and traditional concept of resuscitation in acutely bleeding trauma patients was aggressive fluid administration aimed at restoring intravascular blood volume. This approach, however, may contribute to further blood loss by increasing hydrostatic pressure on the clots, an aggravation of hypothermia, and a further dilution of coagulation factors. Other approaches dealing with a concept of delayed fluid resuscitation in patients with penetrating injuries until the arrival in the operating room was first described by Bickell et al. [10] . Although this concept has been expanded from patients with penetrating injuries to blunt trauma, there are conflicting appreciations on the resulting effects. Especially prolonged hypotension results in poor outcome in animal studies [7] . The current military doctrine and training emphasizes minimizing fluid and blood product delivery in the pre-hospital or pre-OP theater setting in combat casualties who have a palpable radial pulse and a normal mental status [11] . On the other hand, the concept has to be used with caution as the prolonged duration of shock may deteriorate organ function [12] and further aggravate the extent of coagulopathy. In patients with head injury the incidence of secondary ischemic insults might be increased [13] .
Key Parameters and Assessment of Trauma-Induced Coagulopathy
Beside the discussion about the substitution of coagulation factors and blood components, there is evolving knowledge that trauma itself has time-or incident-depending effects on coagulation [14] . Initially the combination of traumatic injury and tissue hypoperfusion results in a coagulopathy associated with a reduction in protein C levels. Activated protein C exerts its anticoagulant effects by irreversibly inactivating factors Va and VIIIa [15] . A further anticoagulant activity is exerted by the de-activation of plasminogen activator inhibitor (PAI-1), resulting in enhanced fibrinolysis [16] . In addition to its anticoagulatory effects, protein C proteolytically activates the cell surface receptor protease-activated receptor-1 (PAR-1) and thus generates several cytoprotective effects by increasing the anti-inflammatory properties, anti-apoptotic activity, and protective function of the endothelial barrier , all being required for survival in acute shock [14] . Taken together, early post-
Organizational Issues
Before putting the focus on the pathophysiology of massive transfusion, an organizational aspect needs to be emphasized. All hospitals, especially those with emergency departments which might be primarily confronted with patients with major hemorrhage, should have at least a protocol that includes all major facility-specific clinical, laboratory and logistic responsibilities [4] . A schematic illustration is given in figure 2 . In this context, the establishment of in-house transfusion policies and detailed standard operating procedures are helpful instruments to manage cases of emergency in a more objective and predictable manner. There should be a team leader responsible for assessing and coordinating a series of diagnostic and therapeutic measures, including all issues of an optimal patients' blood management. It is necessary to allocate a person to convey blood samples and blood components between the laboratory and the area the patient is treated and vice versa. This includes also the accurate handling of the bedside test and the check-up of each blood component prior to application. In parallel, it is mandatory to warrant sufficient intravenous access at appropriate size either peripherally or centrally. Rapid transfusion devices may be used when large volumes have to be transfused quickly as in massive hemorrhage. The volume should be monitored regularly throughout the transfusion to ensure that the expected volume is delivered at the required rate [4] . In case of failure, intra-osseous or surgical access might be useful.
One major difficulty is that only a small percentage (1-2%) of all trauma victims suffer from massive hemorrhage, . which results in a case load far below 100 per year even in highly frequented trauma centers. This makes training and acquiring expertise quite difficult. There are several issues to discuss in this review, although guidelines have been established to provide clinicians with a rule for the treatment in these cases. The most recent and extensive guideline is given by the German Society of Trauma Surgeons, but unfortunately is only published in German [5] .
Fluid-Associated Issues
Fluids are the first-line therapeutic approach; different fluids are used for resuscitation. There is still an ongoing discussion about the optimal fluid used in patients with trauma-induced coagulopathy for successful resuscitation [6] . This issue might need a thorough new work-up as it is unknown how common scientific fraud is especially in this field. Withholding fluid in low perfusion situations as well as crystalloid infusions are only seen in conjunction with formation of interstitial edema, dilutional acidosis, and severe impairment of microcirculation and a consequent increase in mortality [7] . Less impairment has been shown with conventional administration of colloids.
Generally, synthetic colloids such as hydroxyethyl starch (HES) are widely used for intravascular volume therapy in , which is necessary for the assembly of coagulation factors on the surfaces of platelets and injured endothelium, is inversely correlated with blood pH [22] . Calcium ions are essential not only for fibrin polymerization and platelet function but also for fibrinolysis and activation of the protein C system. Citrate-containing blood components, especially fresh frozen plasma (FFP), and in addition synthetic colloids promote the development of hypocalcemia [23] . Lactate, which usually increases during massive bleeding, causes a linear decrease in Ca 2+ concentration. This phenomenon is estimated by an increase of 0.05 mmol/l Ca 2+ pro 1 mmol/l lactate. Thus, a concentration of 10 mmol/l lactate results in a reduction 0.5 mmol/l Ca 2+ [24, 25] and thus usually in a relevant severe hypocalcemia requiring urgent therapy. The application of lactate-containing fluids like Ringer's lactate should therefore be diminished. All solutions should contain at least physiologic levels of calcium.
Although not clearly established in the clinical context, validation studies indicate a storage time-dependent base deficit in erythrocyte concentrates. This reaches a level of almost 50 mmol/l base excess after 42 days, which results in a likely decreased chance of survival, where balanced pH is one of the major survival criteria. Therefore any solution or blood product used in this situation should not contribute to hypocalcemia or acidosis. traumatic coagulopathy is characterized by systemic anticoagulation/coagulopathy in conjunction with hyperfibrinolysis [17] . An illustration of these changes is given in figure 3 .
Acidosis is often seen in massively transfused patients. There are two major components responsible for this pathologic state: anaerobic metabolism (lactate production) in hypoperfused tissues and excessive administration of chloride as NaCl or NaCl-based colloids. The infusion of these solutions should therefore be minimized [18] . Acidosis is responsible for impaired coagulation as the optimal range for the function of coagulation is left. For example, the enzyme activity of factor VIIa drops down to 10% of the initial level at a pH of 7.0 instead of 7.4. At a pH below 7.4, also platelets change structures and shape, forming spheres without any pseudopodia that are responsible for induction of coagulation [19] . Thrombin generation itself is inhibited [20] . On the other hand, a correction of acidosis does not lead automatically to a normalization of coagulation [20] . Acidosis furthermore leads to an increased degradation of fibrinogen [17] .
Therefore, during the volume substitution of hemorrhage, acidosis or aggravation of acidosis in terms of dilutional coagulopathy or dilutional acidosis must be avoided. Balanced solutions show a potential base excess of 0 mmol/l, i. E., with no influence on the patient's acid base status after infusion plus metabolism of the anions [21] . The best strategy to prevent acidosis is to avoid NaCl and to treat hemorrhage-associated acidosis is the use of plasma-equivalent electrolyte-based solutions. warmed using approved, specifically designed, and regularly maintained blood warming equipment with a visible thermometer and audible warning. Blood components should never be warmed using improvised devices such as putting the pack in buckets with warm water or in a commercial microwave or on a radiator.
Transfusion-Associated Issues
Blood transfusions are used as replacement treatment. In contrast to the history of blood donations and blood transfusions after the Second World War until the end of 1980s, currently the blood transfusions can roughly be categorized as noninfectious because transfusion-transmitted infections by HBV, HCV or HIV are actually very rare events as proved by the German Hemovigilance System [31] . The most feared adverse event of blood transfusion is transfusion-related acute lung injury (TRALI) [32] . The incidence of TRALI is much lower (~1:10,000) than that of other adverse effects such as severe febrile or allergic reactions (~1%); however, TRALI is a lifethreatening complication with urgent need of mechanical ventilation in most cases and a TRALI-associated mortality of up to 10%. TRALI is mainly associated with plasma from women. The incidence of TRALI was significantly reduced since plasma from women after pregnancy and/or childbirth were excluded from the donor pool to avoid the transmission of antibodies with specificity mainly against human neutrophil antigens (HNA) or human leukocyte antigens (HLA). A further reduction might also be reached by the use of lyophilisized plasma. In this context and in order to complete the huge diversity of potential adverse events, two other issues, namely the transfusion-associated circulatory overload (TACO) and the transfusion-related immunomodulation (TRIM), have to be mentioned. TRIM is associated with nosocomial infections, impaired wound healing, acute lung injury, multiple organ failure, and increased cancer recurrence on the one hand and with induction of immunotolerance in solid organ transplantation on the other hand. However, evidence is not based on good scientific trials. Therefore, it is impossible to draw any evidence-based clear-cut conclusions.
Treatment of Trauma-Induced Coagulopathy
Fresh Frozen Plasma Due to dilution, consumption, and inhibition of coagulation any major blood loss leads to a hypocoagulable state. There is growing evidence that early and more aggressive replacement of clotting factors reduces mortality and decreases transfusion volume [33] [34] [35] . Early standard use of FFP and pRBCs has been shown rather to prevent than to treat a severe dilutional coagulopathy and might contribute to an improved survival. However, in patients with already clinically relevant factor deOne important issue in the reduction of blood loss is the maintenance of euthermia [23] . A reduction of the temperature to 34 °C or lower might increase the perioperative blood loss as reported for hip surgery patients [26] . A further reduction leads to significant deteriorations as enzymatic function slows down, which is the key issue in the coagulation cascade. The cellular component is also impaired as adhesion and aggregation are decreased which might also be represented by enzymatic function in the granules. It is important to note that a body temperature-related impairment of coagulation in vivo is not seen in any coagulation test as these are performed in normothermia. If performed under 'real' or measured temperature conditions, platelets undergo morphological changes [23] , which are responsible for impaired coagulatory function. There is an estimation that every 1 °C temperature reduction results in a reduction of 10% coagulatory function [27] . In contrast, a study by Wolberg et al. [28] reported that coagulation enzyme activities and platelet activation are not significantly decreased at 33 °C versus 37 °C. The key parameters which significantly influence the coagulation activity are highlighted in figure 4 .
As shown by ROTEM, hypothermia and acidosis synergistically impaired coagulatory function [29] . Therefore, patients in the emergency room or ICU are often covered by upper body warm blankets to prevent cooling down. Furthermore, in all patients undergoing emergency resuscitation all intravenous fluids and blood components should be warmed to 37 °C to avoid hypothermia [30] . Work flow diagrams and/or transfusion algorithm protocols have to indicate this important recommendation. The greatest benefit is from the controlled warming of RBCs (stored at 4 °C) rather than platelets (stored around 22 °C) or FFP thawed to 37 °C [4] . There is no evidence to suggest that transfusion of RBCs, platelets, or FFP through a licensed blood warmer device is harmful. The use of lyophilized plasma is another option. Up to now, no study-based comparison between the use of frozen or lyophilized plasma has been published until now; however from a logistic point of view the latter might be faster ready for use.
Another issue in blood transfusion is the use of appropriate blood warmers [4] . As the Association of Anaesthetists of Great Britain and Ireland points out, blood should only be Fig. 4 . These key parameters should always be kept in the target range of normal or in specific target ranges to optimize coagulation. This also applies before special agents like factor VII are applied.
sive transfusion, however, the amount of fibrinogen given (as a combination of FFP and cryoprecipitate) correlated with rates of survival [42] .There are several studies suggesting increased postoperative bleeding if the level of fibrinogen is below the threshold. This has been shown for different surgical specialties like cardiac surgery [43] , gynecology [44, 45] , and neurosurgery [46] . More recent guidelines and research indicated that the critical threshold might be higher than previously thought. Consequently, a higher target value of 150-200 mg/dl for fibrinogen was reported [47, 48] . We therefore recommend in patients with severe blood loss and ongoing bleeding to keep the fibrinogen level in a proactive fashion above 150 mg/dl to avoid additional decline by further dilution and consumption. Experience showed that a dose of 3g fibrinogen is practicable to ensure fibrinogen levels above the indicated threshold, although until now no prospective randomized trial is available which confirms such a dosage to be optimal.
Cryoprecipitate
Cryoprecipitate is a preparation rich in fibrinogen, factor XIII, von Willebrand factor, and factor VIII and has been used for therapy of fibrinogen or factor XIII deficiency [49] . In Europe, however, the use has been reduced due to the marketing authorization and permanent availability of singlefactor concentrates [50] . As FFP is not sufficient to raise plasma fibrinogen, in the USA and in the UK cryoprecipitate is accepted as alternative for the replacement of plasma fibrinogen [50] . But also in the UK there are critical notes about the lack of clear definition of amounts of fibrinogen content in cryoprecipitate [51] . One unit cryoprecipitate (15 ml) per 10 kg body weight is estimated to increase plasma fibrinogen by 0.5 g/l (50 mg/dl) if there is no further loss or dilution [50] . To enhance the comparability, for an elevation of 1 g/l (100 mg/dl) fibrinogen, one should use 30 ml/kg resulting arithmetically in more than 2 l of FFP volume.
Prothrombin Complex Concentrate
The prothrombin complex concentrate (PCC) contains vitamin K-dependent coagulation factors II, VII, IX and X, which are essential for the generation of thrombin and natural anticoagulants C and S. It is widely used for the therapy of inherited coagulation defects or the reversal of vitamin K antagonists [52] . A reduced thrombin formation might be expected if thrombin is reduced below a level of 30% which is induced by blood loss of 1.5-to 2.0-fold of the blood volume [37] . However, there is no consensus about the use of PCC in the setting of severe bleeding and massive transfusion. In some studies with a small number of patients, the application of PCC was beneficial. In a porcine model with exsanguination and hemodilution, PCC was also effective in correcting dilutional coagulopathy and showed a trend in reducing blood loss after splenic injury [53] . In this model, PCC was more effective than factor VII alone [54] . Factor VII was also inferior in the reversal of vitamin K-induced anticoagulation [55] . ficiencies (<50% of activity), FFP might not be sufficient to restore coagulatory activity immediately. Furthermore, such a strategy would result in a high risk of TACO. This has been also shown in an interesting mathematical model for FFP transfusion strategies by Ho and colleagues [36] . This group calculated that 1-1.5 units of FFP must be given per unit of pRBC just to correct the dilutional component of coagulation alone. A higher FFP:pRBC ratio would lead to anemia, thrombocytopenia, and an increase of the volume overload. This mathematical model is a 'conservative approach'; deleterious effects of hypothermia, diffuse intravascular coagulation (DIC), and metabolic derangements on coagulopathy have not been taken into account. Taken together, this provides the rationale for an early and more aggressive use of FFP and the subsequent replacement of coagulation factors to causally treat an already existing coagulopathy. However, it is important to point out that -as suggested here -the prophylactic use of FFP in trauma patients anticipating an imminent massive loss of blood is not in line with the current cross-sectional guidelines in Germany [5] .
Fibrinogen
Massive bleeding leads to loss, consumption, and dilution (by volume therapy) of coagulation factors. The first factor falling below a critical level is fibrinogen. The critical threshold was suspected at a level below 100 mg/dl as shown by Hiippala et al. [37] and was still recommended as a trigger for intervention in a European Guideline in 2007 [38] . Under normovolemic conditions, a loss of the 1.4-fold of the patients'total blood volume and resuscitation with plasma-free solutions is associated with that critical level. One has to take into account that all colloids interfere with the measurement of fibrinogen [39] . FFP is not suitable for a rapid increase in already reduced fibrinogen plasma levels.
A mathematical model for the estimation of fibrinogen levels was developed by Singbartl et al. [40] . In patients undergoing acute normovolemic hemodilution, they were able to show that 20% of patients already reached critical fibrinogen levels -defined as <100 mg/dl -by a blood loss and consequent hemodilution after only 2,000 ml. Not surprisingly, this was dependent on the initial fibrinogen content. The whole blood fibrinogen concentration might be estimated by the formula:
with Fib Blood-Bl = blood fibrinogen concentration after defined blood loss, Fib Blood-Init = initial blood fibrinogen concentration, BL = blood loss, EBV = estimated blood volume.
The data on the therapeutic effects is rather sparse. A recent review states: 'There is a lack of evidence to support the use of fibrinogen in trauma patients. Studies in trauma patients are highly warranted' [41] .There is still an open debate about the efficacy and necessity of fibrinogen application in acquired fibrinogen deficiency. In severely injured soldiers requiring mas-below 60% even after moderate blood losses [67] . In intracerebral hemorrhage, a relationship was shown between hematoma growth and low factor XIII levels [68] . An early approach for factor XIII substitution has also been shown for cancer patients undergoing surgery where large intraoperative bleeding is expected. However, taken together the data obtained from the literature are still preliminary. Neither the critical plasma level as indicator for a substitution threshold nor the precise initial dosage is yet established. From a pathophysiological point of view, Poetzsch et al. [69] suggested that plasma levels < 50% factor XIII should be treated (25 IU/kg body weight).
Hyperfibrinolysis and Inhibition
All injuries or major surgery might lead to hyperfibrinolysis, especially if organs with an increased level of plasminogen activators are involved [14] . Plasminogen activators are released from hypoxic endothelial cells, and plasminogen activator inhibitors are proteolysed by antigen-presenting cells. The usual test is the euglobulin lysis time as the gold standard for the diagnosis of hyperfibrinolysis. This test lasts about 3 h and is thus not feasible in the acute situation. The ROTEM platform based on the principles of TEG and becomes more and more established as a point of care (POC) method for the detection of hyperfibrinolysis, although it does not have a very high sensitivity.
There are several studies which show a reduction of bleeding by antifibrinolytic agents. Aprotinin has been taken from the market as it was suspicious to cause an increase in mortality [70, 71] . The European Guideline on the Management of Bleeding Following Major Trauma [47] suggests the use of tranexamic acid or -aminocapronic acid. Tranexamic acid is a lysine analogon, which binds to the lysine-binding area of plasminogen and decreases its activation. Dosing and relevant plasma levels are not well-defined and have a rather large spread. The clinical efficacy has been shown in the CRASH-2 trial [72] where 20,211 trauma patients with substantial bleeding were treated with tranexamic acid or placebo. A bolus of 1 g was followed by another 1 g given continuously over the next 8 h. All-cause mortality was 14.5% in the tranexamic acid group versus 16% in the placebo group. The mortality related to bleeding was reduced. This was not on the expense of an increase in vascular occlusive events. Transfusion requirements decreased significantly.
The usual recommendation for patients at high risk for bleeding should receive a dose of 10-20 mg/kg body weight/h [73] . This initial dose should be followed by a continuous infusion of tranexamic acid at a dose of 1 g over 8 h. The infusion of tranexamic acid should be continued as long as the bleeding stops or is under adequate control.
Desmopressin
Another point of contention is the use of desmopressin in severe bleeding. Desmopressin leads to the release of factor Although the concentrate might be effective in certain situations, there is doubt concerning the procoagulatory/prothrombotic effects of PCC. This prothrombotic risk might be even aggravated in hemodilution with consequent antithrombin deficiency [56] , and a European Guideline does not recommend the use of PCC [38] . One major risk of the repeated use of PCC results from the different half-lives of factor II, VII, IX, and X as well as protein C and S. Another issue is the different composition of different formulations. A review analyzing 14 studies with 460 patients with warfarin overdose reported seven thrombotic events [57] . But, like in any other clinical situation, one needs to balance the risk of thromboembolism against further bleeding. Thrombus formation related to heparin-induced thrombocytopenia must not be overlooked, although this is nearly impossible during acute trauma.
Recombinant Factor VIIa
Originally factor VIIa has been developed for patients with different types of hemophilia and inherited factor VIIa deficiency. For a long time, there have been enthusiastic opinions about the use of supraphysiologic doses of recombinant factor VIIa [58] . Off-label use has been published in numerous case reports, cohorts, and some randomized clinical trials [59] [60] [61] . The latter demonstrated its clinical usefulness as transfusion requirements were reproducibly and significantly reduced. There was a significant increase of arterial thromboembolic events, in particular in patients where factor VIIa was used off label [62] . The early use was associated with a decreased mortality 24 h and 30 days after severe combat casualties requiring massive transfusion [63] . However, it is unclear which patients are appropriate candidates for recombinant factor VIIa administration; moreover, neither the appropriate dose nor the thrombotic risks of this agent are completely known, as pointed out in a recent review by cardiac surgeons and anesthesiologists [64] . Therefore, the initial approach has still to focus on the correction of hemorrhagic shock, acidosis, and thrombocytopenia ensuring adequate hemostasis [65] . In patients with trauma-induced coagulopathies, persisting hemorrhage, and ineffective replacement of coagulation factors, the use of recombinant factor VIIa (initial dose of 100 g/kg body weight) might be indicated as ultima ratio, preferably after an accompanying severe acidosis is successfully treated.
Factor XIII
The function of factor XIII is the stabilization of the clot by forming covalent bonds between fibrin monomers and by cross-linking alpha-2 antiplasmin, fibrinogen, fibronectin, collagen, and other proteins to enhance the mechanical strength of the fibrin clot and protect the clot from proteolytic degradation [66] . A decreased factor XIII activity leads to reduced clot firmness in thrombelastography (TEG). Hemorrhage as well as coagulopathy have been shown to cause acquired factor XIII deficiency. A study in orthopedic patients has shown that a substitution by colloids leads to a factor XIII activity Meißner/Schlenke cerebral trauma. Other monitored aspects in trauma patients with significant hemorrhage are tachycardia, hypotension or an increased oxygen extraction ratio expressed by central venous oxygen saturation below 60, an increase of lactate, and ST segment depression in the ECG. Simultaneously, time course of blood loss and ongoing losses as well as hemodynamic disturbances should be included in the decision-making whether to transfuse blood components or not in sufficient time, especially in those patients in whom a transfusion avoidance strategy was primary chosen and physiological scope is already utilized so that the circulator failure occurs suddenly. Other determining factors are the properties of the coagulation cascade and wall shear rates in blood vessels at higher hemoglobin levels [81] . The P-selectin expression of platelets is dependent on the hematocrit [82] . There might be a better function of thrombocytes as first-line coagulation at higher hemoglobin levels making a point for liberal and prohemostatic transfusion regimens. Margination is seen to occur due to hydrodynamic forces rather than collisional forces or volumetric exclusion effects [83] . However, neither the optimal hematocrit for this interaction of RBCs, thrombocytes, and VIII and von Willebrand factor from the endothelium by stimulation of extrarenal V 2 receptors and might mobilize thrombocytes from the bone marrow [74] . Desmopressin has been successfully used if the patient is suffering from uremia, hepatic disease, or the medication of aspirine. Desmopressin has been used in several clinical settings; the efficacy was limited and inconsistent. One of the major side effects was the development of hypertension. Tachyphylaxis is seen in some cases, but is usually avoided if desmopressin application is limited to <24 h [75] . In a meta-analysis desmopressin slightly reduced blood loss, without reducing the proportion of patients receiving transfusions [76] . A Cochrane analysis found the effect to be not convincing [74] . Therefore, desmopressin is not recommended for routine implementation in treating massive hemorrhage and trauma-induced coagulopathy.
Monitoring of Coagulation
Conventional diagnostic parameters such as prothrombin time, international normalized ratio, and activated partial thromboplastin time fail in predicting trauma-induced coagulopathy or perioperative bleeding complications precisely. In addition, neither disturbances of the primary hemostasis (e.g. platelet dysfunction) nor a condition of hyperfibrinolysis is recognizable by these coagulation tests. Furthermore, the turn-around time is calculated to be between 30 and 90 min. Therefore, one important aim of research in the field of transfusion and coagulation management is the establishment of a 'guide' by a set novel biomarkers and/or easily applicable functional assays which allows for decision-making within reasonable time (i.e. 10-15 min). A promising approach might be the monitoring by ROTEM or TEG. In a recent Cochrane analysis, 9 studies including 776 participants were identified which compared clinical judgment and standard laboratory tests or both in the adult cardiac surgery and liver transplantation setting [77] . There was no beneficial effect of TEG or ROTEM on patient survival. However, there were positive effects in predefined outcomes such as reduced bleeding and reduced proportion of patients requiring transfusion of platelets or plasma and consequently some cost savings . Additionally, there were no negative effects or adverse events by the application of this POC technology. The effects of TEGdriven therapy need a thorough investigation [78] .
Packed Red Blood Cells
There are some aspects in the transfusion of pRBCs which have to be addressed. Usually, transfusion policies of different studies do not advocate RBC transfusion at a hemoglobin level above 10 mg/dl and always recommend a transfusion if it falls below 6 mg/dl [79] . In addition, there is an extensive acceptance of a target value ranging between 7 and 10 mg/dl post transfusion [80] . The upper limit might be sensible in patients with cardiovascular disease, cerebrovascular disease, or might be the Trauma Associated Severe Hemorrhage (TASH) score [90] . There is also an interesting mathematical model to investigate the development of dilutional coagulopathy [91] . In this model a transfusion of more than 3 units of pRBCs led to a development of coagulopathy. In this model, a ratio of at least 2 FFP : 3 pRBCs was necessary to prevent the development of such kind of coagulopathy. Although there might be a trend towards more liberal use of FFP, there are well-known limitations of retrospective studies, resulting in potential survival bias. Clearly defined, blinded prospective clinical trials are urgently warranted. In trauma patients with ongoing bleedings, we recommend a fixed FFP:pRBCs ratio when the transfusion requirements exceed 4-8 units of pRBC in combination with an early intervention (e.g. tranexamic acid) in patients at risk for the development of trauma-induced coagulopathy.
Platelets
During acute blood loss, bone marrow and spleen release platelets into the circulation, and therefore their decrease in the peripheral blood is delayed. A sort of a reverse effect occurs after transfusion: in peripheral blood, 60-70% of transfused platelets appear only transiently over a few days in the peripheral blood, whereas one third fills up the platelet pool. Also in the field of platelet transfusions, an increased ratio of PCs to pRBCs increased 30-day survival in patients with trauma [92] . The recommendation of 1 pRBC : 1 FFP : 1 PC is mainly suitable in the USA and primarily developed from the US army. This applies to platelet-rich plasma, which is different from 'high output' PCs manufactured by apheresis or pooling of 5 buffy coats mainly used in Europe. Therefore, the concentration of platelets in PCs applied in the USA is approximately one fifth of that of European preparations.
In the acute clinical situation often the question comes up when thrombocytopenia has to be expected. After massive transfusion of pRBCs and FFP exclusively (e.g. >20 units), a severe thrombocytopenia occurs frequently. This has been shown in the military scenario in Vietnam [93] as well as in the civilian setting [94] . The 'suspicious limit' to thrombocytopenia seems to be around 10 or 15 pRBCs, depending on the pre-injury or pre-operative status.
The standard recommendation is to keep the platelet count at least above 50,000/ l in the acute scenario. Anticipating the ongoing blood loss and the time for issuance and delivery, the order of PCs should be placed significantly earlier to keep at least the threshold of 50,000 platelet/ l. There are reports that a more liberal transfusion strategy of platelets might be favorable in the sense of adequate primary hemostasis and by consideration of the above mentioned delay in applying such blood components. In 132 patients with a ruptured aneurysm, a proactive intervention with a standard intervention of transfusion of 2 PCs at suspicion of rupture was followed by an improved outcome [95] .The authors confirmed their findings in a systematic review of the literature in which also a higher the vessel wall is known nor data from well-designed clinical trials are currently available. One study suggests a hematocrit in the range of 35% [84] which is well above a level necessary for optimal cardiovascular function and might interfere negatively with peripheral perfusion and dilutional coagulopathy. A schematic illustration of this effect is given in figure 5 .
In very recent publications, there is an ongoing debate about a renaissance of whole blood transfusions rather as blood replacement strategy than as coagulation treatment [85, 86] . This has been specifically described for soldiers in Iraq and Afghanistan with life-threatening bleedings and injuries. Survival was improved when whole blood was transfused compared to pRBCs. On the other hand, the main reason for the military is a logistic issue on the battle field which is not transferable to the logistical and distributional challenges of blood donation centers that have to guarantee nationwide blood supply in the civilian setting in advance. A recent comparison between platelet concentrates (PCs) and fresh whole blood did not provide a major advantage of whole blood versus stored thrombocytes [87] . The risk for transmission of infectious diseases or microorganisms is clearly higher when fresh whole blood is transfused. So, taken together, transfusion of fresh whole blood seems to be a reliable strategy in the military, but not in the civilian setting. There was no reduction of mortality in civilian patients with massive hemorrhage [88] .Nevertheless, there is still a controversial discussion whether the imitation of whole blood in its entirety by using a fixed ratio of RBCs, FFP and PCs of 1:1:1 are superior to the hemotherapeutic policies in which blood compartments are replaced on demand by particular blood components. The answer is more than uncertain as the conventional coagulation test systems which monitor a state of not well defined 'clinical coagulopathy' did not fulfill all their expectations at bedside. As Kaufmann [80] stated in a recently published editorial, it is reasonable to regard the use of fresh whole blood as a niche product for extreme environments, and as one the benefit of which appears to be no greater than the sum of its parts. Up to now, evidence seems to increase for a higher FFP:RBC ratio while limiting crystalloids. Currently, the optimal ratio and limits opposed on crystalloid infusion have to be established by further clinical trials.
As mentioned above, the more aggressive use of FFP in massive hemorrhage has its origin in the military. However, it is currently also practiced in the civilian area. In a retrospective study of massively transfused civilian patients, Teixeira et al. [89] noted a significant reduction in mortality in those patients where FFP was transfused more aggressively. The improvement reached a plateau-like maximum at a relation of 1:3. There are several other reports with improved outcome by using increased FFP:RBC ratios varying between 1:1 and 1:2. There are no obviously clear-cut criteria to start with an increased ratio, which might also impose harm to patients less likely to require actually massive transfusion [33] . One strategy to identify patients who gain from this increased ratio is a significant amount of primary trauma-induced coagulopathy which is aggravated secondarily by dilution and consumption of coagulation factors and platelets, requiring interdisciplinary teamwork in the emergency room without any delay. The implementation of a well-structured worksheet and standard operating procedures with clearly allocated tasks and therapeutic options is necessary to improve the clinical outcomes of patients with life-threating massive hemorrhage. These patients should benefit from the optimal management of fluid resuscitation, massive blood transfusion (early change to a fixed ratio of FFP:pRBCs of 1:1), and the treatment of trauma-induced coagulopathy (e.g. with tranexamic acid). The use of recombinant factor VIIa is only justified if replacement therapy of blood components and coagulation factors fail in stopping major bleedings.
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Due to progress in noninvasive cardiovascular procedures, there is an increasing number of patients who were already receiving anticoagulatory therapy mainly targeting thrombocytes, e.g. acetylsalicic acid or glycoprotein IIb/IIIa inhibitors. In these patients, platelet transfusions (e.g. 2 units initially) are strongly advised in case of active bleeding trauma, even at higher platelet counts [96] . However, a purely prophylactic administration or a continuation after stopping the bleeding should be avoided as this might increase the rate of thrombosis in this population of patients. In the context discussed above, patients with vitamin K antagonists should receive 50 U/kg body weight PCC and vitamin K intravenously (10 mg).
A summary on the expectations and therapeutic approaches is given in figure 6 .
Conclusion
Fortunately, only a small percentage of trauma patients will require massive transfusion. However, in these patients there 
